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Summary

Advanced air traffic control (ATC) systems are

being developed which contain time-based (four-

dimensional) trajectory predictions of aircraft. Air-
borne flight management systems (FMS) exist or

are being developed with similar 4D trajectory-

generation capabilities. Differences between the

ATC-generated profiles and those generated by the

airborne 4D FMS may introduce system problems.

Significant design challenges must be addressed to

ensure compatibility between future airborne and

ground-based systems.

A simulation experiment was conducted to ex-

plore integration of a 4D-equipped aircraft into a 4D

ATC system. The NASA Langley Transport Sys-

tems Research Vehicle (TSRV) cockpit simulator was
linked in real time to the NASA Ames Descent Ad-

visor (DA) ATC simulation for this effort. Approx-
imately 30 hours of simulation were conducted with

three active airline pilots participating as test sub-

jects at Langley and six active air traffic controllers

and one research controller as test subjects at Ames.

Candidate procedures for handling 4D-equipped air-
craft were devised and traffic scenarios established

which required time delays absorbed through speed

control alone or in combination with path stretch-

ing. Dissimilarities in 4D speed strategies between

airborne and ATC-generated trajectories were tested
in these scenarios.

The 4D procedures and FMS operation were well

received by the airline pilots, who achieved an arrival

accuracy at the metering fix indicated by a time
error with standard deviation of 2.9 seconds and

negligible mean. Further clarity in the time clearance

procedures and integration of the time guidance into
the airline cockpit were cited as future needs. In

addition, the amount and nature of the information

transmitted during a time clearance were found to

be somewhat of a problem using the voice radio

communication channel. In particular, an error in

required arrival time entered by the pilot would

not be obvious to the controller. Application of a

digital data link for transmission of time clearances

and restrictions may be required for successful and

efficient system operation.
Dissimilarities between airborne and ATC-

generated speed strategies were found to be a prob-
lem under moderate traffic conditions when most of
the traffic remained on established routes. The differ-

ent cruise speeds of the TSRV (flying FMS-generated

speeds) and the other traffic (flying ATC-generated

speeds) produced potential in-trail conflicts that re-

quired controller intervention. The controller vector-

ing of aircraft to prevent the in-trail separation viola-

tions resulted in significant fuel penalties. An offset

route scenario, designed to permit 4D-equipped air-

craft to fly dissimilar speeds without being in the

trail of other aircraft, also produced greater fuel us-

age than in-trail scenarios with similar speeds. It

therefore appears more efficient for 4D-equipped air-

craft to fly trajectories with similar, though less fuel-

efficient, speeds which conform to the ATC strategy
when traffic conditions require speed control by ATC.

Heavy traffic conditions, where time delays forced

off-route path stretching, were found to produce a po-

tential operational benefit of the airborne 4D FMS.
For the scenarios tested, the pilots were able to con-

sistently fly controller vectors to absorb time delays

using their FMS to decide when to turn back on

course. This procedure showed potential for reliev-

ing controller work load while improving efficiency.

The pilot could minimize the delay range by closely

monitoring his own delay situation and determining
the earliest opportunity for turning back.

Introduction

Airborne flight management systems have become

an integral part of the commercial aircraft cockpit.

Flight planning capabilities that include horizontal

and vertical path definition for cost efficient oper-

ation have become standard on new production air-

craft. Some of the newest systems are capable of com-

puting flight profiles with prespecified arrival times

at the destination airport, (that is, four-dimensional

(4D) navigation). These advanced flight manage-

ment systems can be retrofitted to several older air-

craft as well. Perhaps the major factor inhibiting

further growth and acceptance of advanced flight

management systems, especially 4D navigation, has

been the air traffic control (ATC) restrictions in-
curred during the critical en route arrival and depar-

ture phases of flight (within approximately 100 nau-

tical miles of the airport). Interruptions of pro-

grammed flight plans by ATC have prevented full

utilization of the flight management system capabil-

ities on current generation aircraft.

The NASA Langley Research Center has been

conducting and sponsoring research on flight oper-
ations of m:lvanced transport airplanes for a number

of years. During the course of this research, opera-

tional issues have been a primary concern. One of

the areas of this research has been the practical im-

plementation of 4D flight management concepts to

permit fuel efficient operations in an en route time-
based ATC environment.

The NASA Ames Research Center has recently

developed advanced ATC automation concepts that

incorporate time-based trajectory predictions of ar-

rival traffic in a graphical display for controller



interaction. This researchhasaddressedthe tra-
jectory predictionalgorithms,automationrequire-
ments,andgraphicalcontrollerinterfaceissuesoffu-
turetime-basedATC operations.Oneof themajor
designchallengesof thisresearchhasbeento permit
efficienthandlingof aircraft that arenot equipped
with flightmanagementsystems.Suchaircraftmust
begivenheadingvectors,speedconstraints,andde-
scentinstructionscomputedbytheautomationalgo-
rithmsto achievearrivalsequencingandseparation.

Aircraft with advancedflight managementcapa-
bilitiespresenttheopportunityto enhancetheoper-
ationof time-basedATCsystemsbyassistingin the
time-sequencingprocessandrelievingthecontroller
ofadditionalspeedanddescentclearancesneededfor
unequippedaircraft. From the airborneside,the
presenceof a time-basedATC systemprovidesthe
opportunityfor full utilizationof anadvancedflight
managementsystemto optimizeopcrationswithin
theconstraintsimposedby the trafficsequencingof
ATC.Significantdesignchallengesmustbeaddressed
to ensurethe compatibilityof future airborneand
ground-basedsystems.

Thepurposeof thisexperimentwasto introduce
an airborneflight managementsystem,capableof
computingandtracking4D trajectories,into a 4D
ATC systemandto exploretheissuesrelatedto in-
tegrationandeffectiveoperationof thetwosystems.
Of particularintercstwerethe proceduralissuesof
pilot andcontrolIerClearancesand thetechnicalis-
sueof dissimilaritybetweenthe4Dspeedstrategies
fromthe airborneandgroundtrajectory-generation
techniques.Alsoaddressedwerethe guidanceand
displayrequirementsfor successful4Doperationsin
congestedenroutearrivalairspace.Thisreportde-
scribestheexperimentandresultsfromanairborne
perspective.ATC issuesandcontroller-relatedas-
pectsof the experimentarenot discussedin great
detailin this report.

Research System

This study was conducted by using a piloted

cockpit simulation in conjunction with an air traf-
fic control simulation. The research system was de-

signed to provide a realistic environment for pilot and
controller interaction with 4D automation aids. A

block diagram of the research system is shown in fig-

ure 1. The key components of the system being eval-

uated were the Transport Systems Research Vehicle

(TSRV) cockpit simulator and the Descent Advisor

(DA). The icons in the center column represent the
system components that create the simulation envi-
ronment and control the air traffic scenarios. The

ovals in the figure represent manned positions with

bold ovals referring to test subjects.

The cockpit simulator at NASA Langley Research
Center was connected via voice and data lines to

the air traffic control (ATC) automation labora-

tory at NASA Ames Research Center through the

NASA Program Support Communications Network

(PSCN). The PSCN is a digital network employing
both terrestrial and satellite transmission facilities

which interconnect NASA Centers. The data link,

a dedicated asynchronous 9600-baud data line, pro-

vided one-way transmission of the Langley TSRV po-
sition information for real-time display on the Ames

controller displays. A voice link between the Langley
TSRV cockpit and the Ames controller stations per-
mitted ATC voice communication. A second voice

link between Langley and Ames research personnel

was provided for coordination of the two simulations.

Cockpit Simulator

The cockpit simulator utilized for this study was

the fixed-base replica of the research cockpit in the

NASA TSRV airplane (ref. 1). This simulation

included six-degree-of-freedom equations of motion
with nonlinear mathematical models of the Boeing

737-100 airplane aerodynamics and engine perfor-

mance. The equations were processed by a Con-

trol Data Corporation (CDC) CYBER 175 digital

computer. Standard day atmospheric effects were in-
cluded in the simulation with no winds.

The configuration of the TSRV cockpit simulator

is shown in figure 2. Electronic primary and navi-

gation displays were provided in an over-and-under

arrangement. A control display unit (CDU) was lo-
cated in front of the pilot just below the naviga-

tion display. Two center-mounted electronic displays

provided vertical situation and engine information.

Manual flight control was handled by a two-axis side-

stick controller located to the left of the pilot's seat.

A mode control panel on the center glareshield was

used for selection of autopilot control modes.

Air Traffic Control Simulation

Tile ATC simulation is comprised of both the

ATC automation aids (controller stations) and the

air traffic simulation. The communications manager,

center block of figure 1, is the software connection
between the ATC controller stations and the various

sources of air traffic (simulated radar) data including
the TSRV piloted cab and the Ames air traffic sim-

ulation. Sun Microsystems, Inc., workstations were

used for each controller and pseudo-pilot station. A

description of the air traffic simulation and pseudo-

pilot system may be found in reference 2.
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Voice communications

Figure 1. Block diagram of research system.



The configuration of the controller stations is flex-

ible and may include any combination and number

of air route traffic control center (ARTCC) or termi-

nal radar approach control (TRACON) sectors. This

experiment concentrated on ARTCC arrival opera-

tions with the primary ATC automation aid being

the DA along with its associated ptanview display

and graphical interface (fig. 3). The Traffic Manage-

ment Advisor (TMA) was used in a secondary role
to assist in the creation and control of the traffic sce-
narios. These automation aids are described in detail

in reference 3.

Experiment Design

Flight Management System

The Langley Transport Systems Research Vehicle

(TSRV) simulator was equipped with a fully capable

4D navigation and guidance system during the mid-

1970's in support of the Terminal Configured Vehicle

(TCV) Program (ref. 1). A schematic diagram of
this system is shown in figure 4. The elements of

this system consist of (1) the central flight manage-

ment computer (FMC), (2) airplane system inputs

of air data, inertial reference, and engine sensor pa-

rameters, (3) flight and thrust control systems, and

(4) pilot interface consisting of electronic flight dis-

plays, mode control panel, and control display unit

(CDU).
While this baseline system was capable of pre-

cise 4D navigation and guidance, it did not incorpo-

rate performance management features necessary for

computation of vertical trajectories. Ground speeds

and altitudes were required inputs to each way point

in the guidance buffer of the FMC. The baseline sys-

tem further lacked the flexibility of flight plan gener-
ation and modification found in current commercial

flight management systems. For this study, the base-

line TSRV flight management system was modified

to incorporate flexible flight plan generation as well

as vertical trajectory computation.

Flight plan definition. The control display

units in the TSRV were replaced with the commer-

cially available units currently used in the latest gen-

eration of Boeing 737 airplanes. As shown in figure 5,

each CDU consisted of a display area with line select

keys along the sides of the display, function and mode

select keys below, and a complete alphanumeric key-

pad. A flight plan could be entered by selecting a

prestored company route or by individually specify-

ing jet routes and way points. Altitudes and speeds

at each way point were not required as inputs to the

flight plan. Departure and arrival way points had

prespecified airspeed and altitude constraints as part

4

of the navigation data base. Crossing speeds, alti-
tudes, and times for en route way points were com-

puted by thc vertical-path-generation program based

on a selected cruise altitude and cost index (a pilot-

selectable quantity representing a ratio of time and
tirol costs). Constraint values of airspeed and alti-

tude could be entered at any way point to override

the computed values and force the vertical profile to

be recomputed using the constraint values. Further,

for one way point an arrival time could be entered to

force computation of a 4D vertical profile that satis-

fied the arrival time constraint. This way point was

referred to as the "metering fix," or required time of

arrival (RTA), way point.

Vertical path generation. A vertical-profile-

generation computer program (PGA4D) was inter-

faced with the TSRV simulator navigation and guid-

ance routines for this study. The program was de-

signed as a stand-alone utility for developing and
analyzing vertical-trajectory-generation techniques.

A complete description of this computer program is
provided in appendix A.

The horizontal path defined by the flight plan was

constructed using the baseline TSRV path definition

routines. Vertical profiles were computed for the de-

fined provisional horizontal profile when (1) the pilot

pressed the EXECUTE button on the CDU to ac-

cept a provisional flight plan, (2) the pilot selected

DIRECT TO a way point, enabling the automatic

provisional profile update mode, or (3) a special
COMPUTE VERTICAL function was selected from

the CDU. The computed altitudes, speeds, and times

for the way points in the flight plan were then in-

serted into the provisional guidance buffer of the

TSRV simulator upon successful return from the

PGA4D program. In addition, a special vertical tra-

jectory array consisting of time, altitude, calibrated

airspeed, ground speed, and segment identifier as

functions of flight plan range was returned to provide

vertical guidance information. This vertical trajec-
tory array provided all necessary discontinuity points

in the vertical trajectory, such as top of descent and

bottom of descent, which were needed for vertical

guidance. The provisional guidance buffer and verti-

cal trajectory array became the active guidance infor-

mation only when the pilot pressed the EXECUTE
button on the CDU.

The way points in the flight plan were catego-

rized as departure, en route, or arrival. Departure

and arrival way points were required to have cross-

ing altitudes and airspeeds already defined prior to

calling the PGA4D program. The first arrival way

point was referred to as the metering fix, for which

arrival time could also be specified. These predefined
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valuesof crossing altitude, airspeed, and time were

passed to the PGA4D program as constraints.

Constraints on the vertical profile were either pre-

defined or entered into the flight plan using the CDU.

Typically, a flight plan consisted of a departure air-
port with a series of way points defined by a standard

instrument departure (SID), an arrival airport with a

series of standard terminal arrival route (STAR) way

points, and a number of en route way points needed
for navigation. The SID and STAR way points had

predefined constraints on crossing altitudes and cal-
ibrated airspeeds, which were included in the navi-

gation data base. The predefined constraint values

could by modified by the pilot through CDU inputs.

En route way points were unconstrained unless spe-
cific altitude or airspeed values were entered by the

pilot.

The PGA4D program would compute a climb,

cruise, and descent trajectory from the last departure

way point (or current range, altitude, and speed if.the

aircraft had flown past the last departure way point)

to the first arrival way point in the flight plan. For

the scenarios in this study_ the aircraft was already
in cruise and did not require a climb segment.

Speed strategy. The vertical trajectories were

computed using an empirical performance model of

the TSRV airplane. Climbs were computed with a

transition from constant calibrated airspeed (CAS)

to constant Mach number speed schedules assuming

maximum climb thrust. Cruise segments were at
constant Mach number and altitude. Descents were

programmed with a transition from constant Mach

number to constant CAS using idle thrust. For

the time-constrained profiles in this study, only the

cruise and descent segments were computed. Two

techniques for speed schedule selection were utilized.
With the first method, speeds that minimized fuel

consumption were chosen in a manner similar to

commercial flight management systems, while with

the second method, speeds were chosen in a manner

similar to the ATC Descent Advisor program.

The minimum-fuel 4D speed strategy is an exten-

sion of standard 3D vertical trajectory generation.

Flight costs are represented by a cost index which
is a ratio of time cost and fuel cost. For a given

cost index a unique cruise Mach number can be com-

puted which minimizes total flight cost. Similarly, a

unique descent speed schedule exists for the chosen
cruise Mach number and altitude. A direct relation

therefore exists between cost index and flight time.

The minimum-cost trajectory that satisfies a speci-

fied flight time can be obtained by iterating on cost

index. This technique produces a 4D flight trajectory

that requires the least amount of fuel to fly.

The speed strategy used by the ATC Descent Ad-

visor is designed to provide consistent final conditions

for aircraft delivered to the metering fix. The descent

CAS for all aircraft is initially chosen to be 280 knots.

Time control is achieved by varying the cruise Mach
number of the individual airplanes in ordcr to sat-

isfy the arrival time constraint. Only after the cruise

speed has reached a prespecified limit for the par-

ticular aircraft type will the descent CAS be varied.
This method allows a variety of aircraft types to be

merged on final en route descent at a common air-

speed for handoff to the terminal area controllers.
Both the minimum-fuel and the ATC Descent

Advisor speed strategies were programmed into the

TSRV simulation. The strategy to be used was set
at the start of a simulation run and could not be

changed by the pilot.

Flight Displays

The display system of the TSRV simulator con-

sisted of a primary flight display (PFD), a navigation

display (ND), an engine display, and a vertical situ-

ation display (VSD). The arrangement of these dis-

plays is shown in figure 2. The flight displays were
developed for use with the velocity-vector control-

wheel steering (VCWS) mode of the simulator. Ref-
erences 4 and 5 describe the design and development

of the primary flight display.

Primary displays. The primary flight display

and navigation display provided airspeed, altitude,

and horizontal guidance information to the pilot.

Figures 6 and 7 show the formats of these displays

used in this experiment. The guidance philosophy

of these displays was to present situation and trend

information to the pilot. Corrective actions necessary

to null trajectory errors, such as might be provided
by a flight director system, were not included as

display information.

Altitude, airspeed, and flight-path angle refer-

ence values were obtained by range interpolation

of the vertical trajectory profile computed by the

PGA4D program. These values were displayed on

the PFD. The horizontal path of the programmed

flight plan was drawn on the ND. In addition, a

RANGE/ALTITUDE mode could be selected which

would draw an arc on the ND indicating the horizon-

tal range where a selected altitude would be achieved

at the current flight-path angle. This mode effec-

tively provided altitude guidance on the map display.

Vertical situation display. Vertical trajectory

and time guidance information was presented to the

pilot on the VSD in the left center-panel display lo-

cation (fig. 2). This display was a modification to the

VSD developed for the study reported in reference 6.
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Featured on the display was a pictorial side view of

the desired vertical flight path and the airplane's rel-

ative position. Also provided was information on the

current altitude and energy errors, the planned speed

schedule, and a window of possible arrival times at

the CDU-specified RTA way point. Examples of this

display are shown in figure 8. In both parts of the

figure the aircraft is at the same time and distance

from the metering fix. Figure 8(a) shows the display

in active guidance mode with an assigned metering

fix arrival time. Figure 8(b) shows the display when

a provisional profile to a new metering fix time has

been generated but not accepted by the pilot.

The top of the display provided a textual readout

of the planned speed schedule for the programmed
flight plan. The speeds were divided into climb

(CLMB) Mach/CAS on the left, cruise (CRUZ)

Mach number in the center, and descent (DCNT)

Mach/CAS on the right. The active speed sched-
ule was displayed in large letters to the right of the

corresponding label. The color of the labels and-ac-

tive speed schedule was light cyan. If a modifica-

tion to the flight plan had been made in the CDU

and a provisional vertical profile had been computed,

the speeds associated with the provisional path were

displayed in small amber numbers immediately be-

low the corresponding active speeds, as shown in fig-

ure 8(b). Once a flight phase had been completed,

the flight phase label and associated speed schedule
were deleted.

The vertical profile was an altitude versus dis-

tance plot of the desired flight profile. The distance

scale (horizontal) corresponded to the map scale on

the navigation display. The altitude-to-distance scal-

ing ratio was 500 feet per nautical mile. As a result,

the display did not present a true geometric represen-

tation of the vertical flight path. One degree of ac-

tual flight-path angle would appear as approximately
12 degrees of displayed flight-path angle.

The vertical profile associated with the active
flight plan was displayed in white as a solid line.

If a provisional flight path had been computed, the

provisional vertical profile was displayed as an amber

dashed line. The profile(s) moved on the display from

right to left relative to the fixed aircraft symbol.

The bottom portion of the display provided ar-

rival time information at the selected RTA way point.
This information consisted of a time line with re-

quired and estimated arrival times at the selected

way point as well as a window of possible arrival

times shown both digitally and graphically.
The time line consisted of a blue horizontal line

with vertical tick marks spaced 1 minute apart. The

length of the time line and number of tick marks

remained constant for this study. Superimposed

on the time line was a white box (also called time

window) indicating the range of possible arrival times
from current aircraft position along the programmed

flight plan to the RTA way point. The ends of this

box corresponded to maximum and minimum arrival

times, which were provided digitally to the right and
left of the time line.

The RTA at the selected way point and the name

of the way point were provided immediately below
the time line. The location of the RTA on the time

line was shown as a triangular wedge with the apex

touching the time line at the appropriate position rel-
ative to the maximum and minimum times. The RTA

text and graphical wedge were color-coded green for
RTA time within the time window. RTA time more

than 5 seconds outside the time window resulted in

a color coding of yellow.

The estimated time of arrival (ETA) was provided

immediately above the time line in the same manner

as the RTA. In addition to the digital ETA time and

graphical wedge, a digital time error (in seconds) was

provided. During active guidance (fig. 8(a)) the time

error was computed based on the current 4D energy

error and the distance to the RTA way point. With

provisional information displayed (fig. 8(b)), the time
error was referenced to the time window. The pro-

visional time error would indicate (1) ON TIME for

RTA selected within the time window, (2) EARLY
by the number of seconds that the RTA was greater

than the maximum arrival time, or (3) LATE by the
number of seconds that the RTA was less than the

minimum arrival time. Details of the time error cal-

culations for both active and provisional guidance

modes are provided in appendix B.

Air Traffic Scenario

The airspace used for this study was based on the

Denver Air Route Traffic Control Center (ARTCC)

northeast arrival sectors. Figure 9 illustrates the ma-

jor arrival routes. All arrival traffic in this sector

was merged and controlled to cross the metering fix
at a specified time. The arrival schedule was deter-

mined during the simulation, in real time, by the

Traffic Management Advisor (TMA). The sequence

was based on a first come first served (FCFS) rule
applied at a constant time horizon from the airport.

Although the simulated air traffic entered the

airspace at a variety of altitudes and speeds, the
TSRV was initialized on the same route and at the

same altitude and speed for each flight. The initial

conditions for the 4D-equipped aircraft were han-

dled in this way to facilitate the controlled inser-

tion of the aircraft into a particular traffic scenario.

Each TSRV flight was injected into an arrival "rush"

9



VERTICAL
TRAJE C TOR Y

AIRCRAFT
SYMBOL

AL TITUDE

ERROR

ES TIMA TED

TIME OF
ARRIVAL

REQUIRED
TIME OF

ARRIVAL

CRUZ .720 _'

DCNT .720/280

_ /

+

ETA 18:14:39 EARLY 6
MINTIME i i i i , 'IVI

,, I, , ,_ I I I !i IMAXTIME18:11:28 '_ 18"18-25
RTA 18:14:45 KEAMF _" "

\GMT 17:58:45 J 1

(a) Active guidance mode.

SPEED
-SCHEDULE

4D
ENERG Y

ERROR
RATE

4D
--ENERGY

ERROR

TIME
ERROR

TIME
WINDOW

ETA
REFERENCED

TO TIME WINDOW

f

CRUZ .720 "_.620

DCNT .720/280//
.620/220 "

m

w

IZ_>-

MIN TIME
18:11:28

GMT 17:58:45

SMITY _ "-

KEANN -'--.":_.

ETA EARLY 35

HL i i .i i i ill IMAXTIME
i, , tx,_ J , ,iA.,18:18:25

RTA 18:14:45 KEAMF_
18:19:00

J

(b) Provisional guidance mode.

Figure 8. Vertical situation display (VSD) format in TSRV simulator.

PROVISIONAL

i SPEEDS

PROVISIONAL
VERTICAL

TRAJECTORY

PROVISIONAL

RTA

10



with an average traffic load of 32 aircraft per hour

(80% of single active runway capacity).

The most important characteristic of the traffic

flow, for this experiment, was the delay. Delay was
defined here as the difference between the aircraft's

original estimated time of arrival (OETA) and sched-

uled time of arrival (STA). Two levels of delay were

studied: moderate and heavy. Moderate delay was

defined to be a delay that was absorbable with speed

reduction alone, whereas heavy delay required path

stretching (off-route vectoring or holding) in addition

to any speed or altitude changes. For the conditions

of this experiment, the moderate delay was chosen

to be 3 minutes and the heavy delay was chosen to

be 8 minutes. The maximum delay absorbable with

speed control alone, for the TSRV's test conditions,

was approximately 6 minutes.

The FCFS rule allowed for the control of delay

during a real-time simulation, even though the traffic
flow in an ATC environment is chaotic. This allowed

for the generation of traffic lists (initial conditions)

that appeared random to the controller subjects yet

maintained the significant test conditions. From

the pilot's perspective, however, the only known

characteristic of the surrounding traffic was the delay

which the pilot could determine from his clearance.

Although the traffic was designed to result in the

same delay for each TSRV flight (moderate or heavy),

the time at which the ATC clearance (delay) was
transmitted to the aircraft varied depending on the

controller's response to the traffic situation. The

random time of delivery of ATC clearances resulted

in variations in the 4D trajectory solutions (speed

profiles and path stretching) for the same delay. The
determination and characteristics of the traffic flow

for this experiment are not described in detail in this

report.

Airborne Procedures

ATC clearances were developed to handle the

time-based traffic scenarios in this experiment. The

pilots and controllers who participated in the study

were provided with the purpose, context, usage, and

phraseology associated with each clearance. Appen-

dix C contains a complete description of these clear-

ances, as well as the specific instructions provided to

the pilot test subjects.

DENo

Initial condition:
Flight level 310

SCOTTSBLUFF Mach 0.74

210 n.mi. from Denver

I Jll 4S R
/
I TH PLATTE

f _........-O
J157] _ ......._-

y PONNY

7-SMITY

EANN
0 50

Metering fix: , , _ , _ J
Altitude, 11 000 ft SCALE, n.mi.
Indicated airspeed, 210 knots
14 n.mi. from Denver

Figure 9. Simulation scenario showing the arrival route of the TSRV simulator.
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The cockpit proceduresutilized in this experi-
mentweredesignedto allowa singlepilot to both
interactwith ATC and fly the airborne4D trajec-
tory. A researchengineer,whowasnot a testsub-
ject, occupiedthe right seatin the cockpit.Duties
of the researchengineerwereto handlemanualen-
triesinto theCDU and to select autopilot navigation

modes at the direction of the pilot test subject. The
pilot was required to handle all ATC communications

and make all decisions regarding the operation of the
aircraft.

The functions of the 4D flight management sys-

tem (FMS) were explained and demonstrated to the

pilot during a training session. The pilot was permit-

ted to utilize the FMS and autopilot in any manner

he desired to achieve the objectives of the ATC clear-
ances during the cruise portion of the flight. During

descent, the pilot was requested to manually fly the

aircraft in the velocity-vector control-wheel steering

(VCWS) mode to provide a consistent basis for com-
paring arrival performance.

Test Conditions

A series of test conditions was devised to ex-

ercise the 4D airborne and ground automation,
as well as the ATC procedures developed for this

study. Table I shows the specific combinations of

test parameters. The first three test conditions

were designed to investigate the effects of dissim-

ilar speed strategies when traffic conditions forced

ATC to exercise speed control on the arrival traf-
fic. Condition 1 was considered the baseline refer-

ence where both the ATC and the 4D airplane were

using similar speed strategies (Descent Advisor).

Condition 2 introduced dissimilar speed strategies
with the airplane using minimum-fuel speeds and

ATC using Descent Advisor. Condition 3 again used

dissimilar speeds; however, the airplane flew a paral-

lel route offset 8 nautical miles during cruise to avoid

in-trail conflicts. The last two conditions employed

heavy delay levels which forced off-route vectoring

by the controllers to accommodate the time delays.

Similar speed strategies were utilized in condition 4

and dissimilar speed strategies in condition 5. Typi-

cally, a condition 4 or 5 heavy delay scenario would

immediately follow a moderate delay scenario, to al-

low the traffic level to build, as described previously.

Results and Discussion

Approximately 30 hours of simulation were con-

ducted with three active airline pilots participating

as test subjects at Langley and six active air traffic
controllers and one research controller at Ames. A

total of 28 data runs were completed, with each pilot

flying the first four test conditions at least one time.

Test condition 5 was flown twice by the same pilot.

Table I. Experiment Test Conditions

Condition Delay Aircraft speed Horizontal

number level strategy route
Moderate

Moderate

Moderate

Heavy

Heavy

Descent Advisor

Minimum fuel

Minimum fuel

Descent Advisor

Minimum fuel

Normal

Normal

Offset

Normal

Normal

Results from this study were obtained in the form

of pilot opinions from questionnaires and debriefing

sessions, quantitative measures of airplane state vari-

ables and fuel usage, and researcher observations of

pilot and controller performance. The pilot question-

naires and rating scales used in this study may be

found in appendix D. The pilot rating was used pri-

marily as a tool to prompt pilot thinking and dis-

cussion of the research issues, in particular regarding

air traffic control (ATC) procedures and 4D guid-

ance. The limited number of test subjects and lack
of repeatable test conditions prevented any rigor-

ous statistical analysis. The quantitative data were

used in the analysis of the speed strategy dissimilari-

ties between the airborne and ground 4D trajectory-

generation techniques.

ATC Procedures

At the conclusion of each simulation, the pilots

were asked to rate the acceptability, clarity, and work

load of the ATC clearances and procedures which had

been used during the flight. Figure 10 summarizes

these ratings for all the simulation runs. As seen in

the figure, the pilots rated the acceptability of the

clearances as well as their clarity to be high. Work

load was rated as essentially the same as normal 3D

operations.

Despite the high ratings for acceptability and clar-

ity of the ATC clearances, the pilots felt that the

4D clearances required further refinement before they

would be acceptable for routine airline operations.

In particular, they generally felt that clearances did
not fully define the pilot's actions for all situations

that could arise. For example, when a time clear-

ance was interrupted by ATC with a vector, speed

constraint, or altitude change, the pilot was some-
times uncertain what to do. The time clearance had

given the pilot permission to initiate descent, but

now ATC had given some additional constraint to

observe. Unless the controller explicitly canceled the

12
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Figure 10. Summary of pilot ratings on 4D clearances and procedures.

time clearance, the pilot was still expected to ini-

tiate descent and achieve the specified time objec-

tive while also adhering to any additional constraints
that had been imposed. This additional complexity

to normal clearance procedures was cited by one of

the pilots as being a safety concern. The possibility
for missed or misinterpreted clearances was greatly

increased during these situations. The use of an air-

to-ground data link for transmittal of time clearance
and additional constraint information was cited as a

possible necessity to handle these overlapping ATC

clearances. This would provide the pilot (and con-

troller) with a hard record of exactly what the pilot
was cleared to do and avoid possible confusion.

Another potential problem with the time clear-

ance procedure was lack of a consistent cross-check

that the pilot was actually flying to the correct as-

signed time. Unlike a vector, speed change, or alti-

tude change, where the controller can directly mon-

itor the pilot's compliance with the clearance, the

time clearance can only be assumed to be correct if
the controller hears a correct readback of the time.

An error in the assigned time, in the readback by the

pilot, or in manual entry of the time into the airplane

flight management computer (FMC), may go unde-
tected for a substantial period of time. During this

experiment, several errors in the entry of the assigned
arrival time were made by either the pilot or the re-

search engineer copilot. On all occasions the errors

were large enough to be detected by the pilots and
corrected. This potential for errors, however, further

supports the use of data link exchange of time clear-

ance information. This exchange should include the

actual information used by the airplane FMC and
ATC automation software.

Speed Strategy

An example of the differences in speed schedules

computed using the two speed strategies is illustrated

in figure 11. The figure shows the cruise Mach num-
ber and descent calibrated airspeed (CAS) as a func-

tion of assigned flight time for the two strategies.

As seen in the figure, between the extremes there

is only one flight time for which the two strategies

produce the same speed schedule. For earlier arrival

times, the minimum-fuel strategy computes slower

cruise speeds and faster descent speeds. Conversely,
for later arrival times, the minimum-fuel strategy re-

quires faster cruise speeds and slower descent speeds.

The differences in speed schedules can be quite severe

for a wide range of potential flight times.

Traffic conflicts. The major problem associ-

ated with the different speed strategies is the poten-

tial for traffic conflicts between pairs of aircraft flying

different speeds for the same time objective along
the same horizontal route. This situation is illus-

trated in figure 12 for two hypothetical 737 airplane

pairs flying the moderate traffic scenario used in this

13
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experiment. The figure shows vertical separation

between airplane pairs plotted against horizontal in-

trail separation for a 32-minute assigned flight time.
One aircraft pair used ATC Descent Advisor speeds

for both the leading and the trailing aircraft. With

a time spacing of 80 seconds selected for initial

and final separation, the aircraft pair can be seen

to maintain an adequate separation throughout the

flight. The other aircraft pair, however, has the

leading aircraft flying ATC Descent Advisor speeds

while the trailing aircraft flies minimum-fuel speeds.

As seen in figure 11, for a 32-minute flight time, the

trailing aircraft flies a significantly faster cruise speed
and slower descent speed than the leading aircraft.

As a result, the in-trail separation of the aircraft

pair decreases to the point where, without controller
intervention, the trailing aircraft would actually pass

the leading aircraft prior to starting the descent.

Separation would then increase again as the trailing

aircraft flies the slower descent speeds.

Fuel elficiency. The ideal fuel usage, for the
196-nautical-mile test scenario, associated with the

two speed strategies is shown in figure 13. For

any flight time other than that corresponding to

the same speed schedule, the ATC Descent Advisor

strategy requires additional fuel. The actual fuel

usage of the TSRV simulator for the moderate traffic
scenarios, which corresponds to approximately the

32-minute flight time in figure 13, is summarized

in table II. Fuel usage for the minimum-fuel speed

strategy produced a 2.2-percent average fuel savings

(for the 196-nautical-mile test scenario) over the

Descent Advisor speeds when the TSRV was allowed

to fly without interruption from ATC. When ATC

did interrupt the TSRV to prevent a traffic conflict,

however, a 6.3-percent fuel penalty was incurred.

Instead of producing the fuel savings desired by flying
minimum-fuel schedules, the resulting dissimilarity

with other traffic and controller vectoring was found

to produce fuel penalties.

Table II. Summary of TSRV Fuel Usage

Aircraft speed ATC Number Average fuel

strategy Route linterruption of runs used, Ib

Descent Advisor Normal No 6 1779 (ref.)

Minimum fuel Normal No 6 1740 (-2.2%)

Minimum fuel Normal Yes 3 1891 (+6.3%)
Minimum fuel Offset No J 3 1800 (+1.2%)

Minimum fuel Offset Yes I 1 1916 (+7.7%)

The route-offset scenario was generally successful in

preventing the in-trail traffic conflict, as discussed

earlier. The purpose of the route offset, however,

was to permit the 4D-equipped airplane to save

fuel by flying minimum-fuel speeds. The resulting

15
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range flown by the airplane during the route offset

was greater than the range of the standard route
for the test scenario. As a result, the route offset

actually resulted in greater fuel usage because of this
greater range. Therefore, while the route offset has

potential for alleviating in-trail separation conflicts,
care must be taken to ensure that the additional

range requirements do not cancel the potential fuel
benefits.

Fuel efficiency is also a concern for the heavy traf-

fic situations where time delays require off-route path

stretching. During these situations, however, the dif-

ferent speed strategies are of little significance since

all the aircraft are flying at minimum speeds. The
important consideration is to minimize the distance

flown while absorbing a time delay during an off-

route vector. Since the pilot is monitoring his own

time delay status while performing the 4D time delay
vector clearance, it is reasonable to assume that he

is in a better position to determine the most efficient

point at which to turn back on route. The controller

is monitoring a number of aircraft and cannot be ex-

pected to turn each aircraft at the optimum time for

minimum delay range.

Pilot Guidance

One of the objectives of this study was to evalu-

ate the effectiveness of the flight guidance provided

in the TSRV simulator for flying the 4D trajecto-

ries. Because of the limited number of test subjects

and situation-dependent test scenarios, this evalua-

tion was primarily limited to qualitative measures.

While the primary interest was in the time guidance,

the basic airspeed and altitude guidance were also
discussed. Actual arrival performance at the meter-

ing fix, which was the end goal of the guidance, was

the only quantitative measurement.

Trajectory tracking. To achieve the final ob-

jective of arriving at the metering fix at the speci-

fied altitude, speed, and time, a variety of display
elements were provided. At the conclusion of each

simulated flight, the pilot was asked to rate the use-

fulness of specific display elements for flying the tra-

jectory. Figure 14 shows the results of these ratings
for all the data runs flown by the pilots.

The reference airspeed, altitude, and flight-path

angle information provided on the primary display

consistently received high ratings. The trajectory

information on the vertical situation display (speed

schedule, vertical trajectory, and altitude error) was
found to be less useful. All the pilots, however, com-

plained about the situational nature of the primary

flight guidance. While they rated the primary flight

information as most useful for flying the trajectory,

they also stated that it would be unacceptable for air-

line operations without a significant amount of train-

ing. Current airline displays are designed around the
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flight director method of flight guidance. Situational

displays, such as those in the TSRV simulator, re-

quire the pilots to change the way they normally fly

the airplanel The pilots felt that this added an un-

necessary complexity to the primary flight task in

this study.

The 4D energy information received high ratings
on the vertical situation display. The identical in-

formation presented on the primary flight display re-

ceived lower ratings. Pilot comments indicated that
it was much easier to see the 4D energy bug on the

vertical situation display and therefore easier to use.

The pilots acknowledged that the 4D energy guid-

ance should probably be shown on the primary flight

display; however, the location and size of the sym-

bology used in this study were not adequate. These
results are similar to those reported in reference 6.

Time capability. The display of time informa-

tion received mixed ratings with no single element
cited as the most useful. Pilot comments indicated

some confusion over the meaning of the time error

and estimated time of arrival (ETA), which may have
contributed to the mixed ratings. In addition, the

time information was not required for actually flying

the trajectory once a 4D profile had been calculated.

The displayed time information was therefore needed

only for a very small portion of the flight. The con-

sensus of opinions was that the displayed time win-

dow, ETA, RTA, and time error were overempha-
sized and occasionally inconsistent during most of the

flight. While no specific objections were raised over
the nature of the time display, no specific favorable

comments were expressed either.

Arrival performance. The end goal of the air-

borne guidance was to deliver the airplane at the me-

tering fix at the correct altitude, airspeed, and time.

Table III presents the results for all the simulation
data runs. The achieved values fell within the target

maximum range. The time error, in particular, was

significantly better than the prespecified target value.
The altitude and speed errors, while generally within

the target range, were greater than expected during
some simulations. This was assumed to be a result of

the pilot's unfamiliarity with the situational format
of the primary flight displays. A more familiar flight

director format may have improved the altitude and

speed performance. Actual performance of an opera-

tional system would depend on the specific guidance

provided by that system.

When these results are compared with those ob-

tained in earlier tests at NASA Ames involving pi-

loted simulation of non-4D aircraft flying the Descent

Advisor speeds (ref. 7), the potential advantage of

airborne 4D systems becomes apparent. For similar

calm wind scenarios adjusted for straight-in descents,
the non-4D aircraft recorded a mean arrival time er-

ror of between 4 and 6 seconds late with a standard

deviation of about 12 seconds. The crossing airspeed

errors for the non-4D aircraft (mean of -5 knots with

standard deviation of 5 knots) were similar to those

attained in this study by the 4D TSRV; however,
altitude errors of the non-4D aircraft in reference 7

were significantly greater at a mean of -155 feet and
standard deviation of 292 feet. Overall, the potential

arrival accuracy of a 4D FMS aircraft, in time, air-

speed, and altitude, could significantly enhance the

operation of a 4D ATC system.

Table III. TSRV Delivery Performance

Mean ...........

Standard deviation .....

Target maximum range . . .

Time Altitude Airspeed

error, error, error,

sec ft knots

0.6 50.2 -0.6

2.9 81.8 6.4

±20.0 +250.0 ±10.0

Concluding Remarks

A simulation study was conducted to explore

the integration of an aircraft equipped with four-

dimensional (4D) nagivation into a 4D air traffic

control (ATC) system. The following remarks are
based on the results of piloted simulations.

The 4D ATC procedures and operation of the

flight management computer were found to be eas-

ily accommodated by the airline pilot test subjects.
Cockpit work load, even during the most demand-

ing scenarios, was unaffected by the new procedures.
The 4D clearances as tested, however, were some-

what lacking in clarity when additional ATC con-

straints were applied. The pilots felt that the ac-
tual 4D clearances needed further refinement before

they would be acceptable for routine airline opera-

tions. In addition, the use of a digital data link for

transmission of clearances and restrictions may prove

necessary for successful 4D operations.
Dissimilarities between airborne and ATC-

generated 4D speed strategies were found to be pri-

marily an efficiency problem during moderate traffic
conditions. Traffic conflicts induced by the differ-

ent speed strategies were handled by active controller
intervention which resulted in fairly significant fuel

penalties. An offset routing of the 4D-equipped air-

craft successfully avoided conflicts; however, no fuel

advantage was observed. It was found to be more ef-
ficient for the 4D-equipped aircraft to remain on the
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establishedrouteandadaptto theATCspeedstrat-
egywhentrafficconditionsrequiredspeedcontrolby
ATC.

A potentialoperationalbenefitof the airborne
4Dflightmanagementsystem(FMS)occurredwhen
time delaysforcedoff-routepath stretching.The
pilotswereableto consistentlyfly controllervectors
to absorbtime delaysusingtheir FMSto decide
whento turnbackoncourse.Thisprocedureshowed
potential for relievingcontrollerwork load while
improvingefficiency.The pilot couldminimizethe
delayrangeby closelymonitoringhis own delay
situationand determiningthe earliestopportunity
for turningback.

Theairborne4Dguidanceprovedeffectivein de-
liveringthe aircraft to the meteringfix at the re-
quiredarrivaltime. Thestandarddeviationof time
errorat the meteringfix was2.9secondsfor all the

data runs. Previouspilotedsimulationsinvolving
non-4Daircraft flying ground-derivedDescentAd-
visorspeedsresultedin a standarddeviationof ap-
proximately12secondsfor similarscenarios.The
pilotsin thisstudyhaddifficultywith theunfamiliar
TSRVprimaryflightdisplaywhichpresentedsitua-
tional rather than flightdirectorprimaryguidance.
All thepilotsexpressedthe desireto see4Denergy
guidanceincorporatedintoamoreconventionalflight
directorfor routine4D airlineoperations.Suchan
implementation,in the opinionof the pilots,would
permitconsistentarrivaltimeperformanceasdemon-
stratedin thisexperiment.

NASALangleyResearchCenter
Hampton,VA23665-5225
January16,1991
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Appendix A

4D Profile Generation Algorithm
Description

General

The profile generation algorithm (called PGA4D)

used in this simulation study was a modified version

of a stand-alone program developed for analytical

studies involving 4D vertical-trajectory-generation

techniques. The original program contained options

for computing nearly-optimal vertical trajectories us-

ing energy state approximations and optimal con-

trol theory (ref. 8). Also included was a Mach/CAS

trajectory-generation technique which expanded on
the methods developed and flight tested in the NASA

TSRV airplane in reference 9. The latter Mach/CAS

method was utilized for the current simulation study.

The PGA4D program provided a means for isolat-

ing the vertical trajectory generation from the hor-

izontal path definition. A special way-point refer-
ence buffer was established which contained the hor-

izontal path definition as well as the vertical profile
constraints at each way point. The PGA4D exec-

utive would analyze the way-point reference buffer

and generate the appropriate inputs for the vertical-

trajectory-generation routines. Constraints imposed

at way points would define the initial and end con-

ditions for vertical-trajectory generation. Multiple

calls to the vertical routines could be generated by

the PGA4D executive, depending on the number of

way points with constraints. The executive would

then piece the vertical trajectories together into a

single reference profile.

Interface With TSRV Simulation

The PGA4D program was implemented as a

"black box" routine called by the real-time TSRV

simulation program. Because of memory limitations

of the real-time CYBER 175 computer, PGA4D was

actually implemented on a separate CYBER 175

computer communicating via shared memory loca-
tions. A real-time executive routine, residing on the

TSRV simulation computer would generate the re-

quired input information for PGA4D and pass it to
the PGA4D executive on the other computer. Simi-

larly, the PGA4D executive would pass output infor-
mation back to the real-time computer.

Horizontal path definition. The baseline
TSRV horizontal (or 2D) area navigation (RNAV)

guidance buffer was utilized to construct the hori-

zontal path for the PGA4D program. The horizontal
information required at each way point consisted of

the elapsed range from the initial way point to the

2O

center of turn of the current way point and the true

course from the current to the next way point.

Weather model. A separate weather buffer

contained wind and temperature conditions at each

way point defined in the way-point reference buffer.

Wind speed and direction, as well as temperature

deviation from standard day, could be defined for up

to five altitude levels at each way point. The PGA4D

program would interpolate the wind and temperature

information in both altitude and range to compute

the ground speeds at each point on the synthesized

trajectory. In addition, the program could update

the modeled winds and temperatures at the next

way point on the path using the actual conditions at
the aircraft's current position and the weather values

at the last way point crossed by the aircraft. The
weather model would be modified by the PGA4D

program only at the next way point on the path.

Pilot inputs were required to modify subsequent way

points.

Vertical path constraints. Each way point was

assigned a type designation which controlled the op-
tions and constraints for the vertical-trajectory gen-

eration. All way points associated with a terminal
departure were designated departure way points and

had preassigned altitude and calibrated airspeed con-

straints. Similarly, all way points of a terminal ar-

rival were designated arrival way points with pre-

assigned altitude and calibrated airspeed constraints.
These constraints consisted of values which the air-

craft must observe when crossing the way point. All

other way points were designated as en route and did
not have vertical constraints. The pilot could man-

ually assign an airspeed or altitude constraint at an
en route way point by entering a value in the control

display unit. The designation of the way point was
then changed to en route arrival.

The first terminal arrival way point was desig-

nated the metering fix and became the reference

point for the time guidance. The pilot was required

to manually enter a crossing time constraint at the

metering fix way point in order to activate the 4D

calculation of the vertical trajectory. If no time con-

straint was specified at the metering fix, the PGA4D

program would compute a 3D vertical profile using

the predefined cost index to determine the speed
schedule.

Vertical-Trajectory Generation

Profile structure. The vertical trajectory was

synthesized from the current location of the airplane

to the final way point (or arrival runway threshold)

in the flight plan using the information in the way-

point reference and weather buffers. A full trajectory



consistedof a departuresegmentwith predefined
airspeedsand altitudes,a fuel-optimizeden route
climb, cruise,and descentsegmentfrom the last
departuretothefirstarrivalwaypoint,andanarrival
segmentfrom the meteringfix to the runway.The
departureandarrivalsegmentswere computed using

a simple average ground speed between way points.

The fuel-optimized en route segment was computed

using the Mach/CAS trajectory-generation option.

Figure A1 illustrates the structure of the fuel-

optimized en route profile. Depending on the initial

position of the airplane and the location and vertical

constraints of the metering fix way point, the en route

profile could have as few as 1 or as many as 12

segments. Computation began at the metering fix

and worked backward to the end of cruise (segments 1

through 6 in fig. A1). Climb was then computed

from the initial position to the beginning of cruise

(segments 12 through 8). The remaining range was

assigned to segment 7 cruise. If insufficient range

was available for the climb and descent, the program

would abort with an error message. If the aircraft
was already in cruise and requested a profile with

insufficient range for descent, the initial position

of the aircraft was displaced back in range by the

required amount to permit the descent. The resulting

profile would show the aircraft above the desired

vertical flight profile and allow the pilot to maneuver

horizontally and/or utilize speed brakes to recover

and fly the trajectory.

Speed selection. In general, climb, cruise, and

descent speeds are chosen on the basis of the speed

strategy selected by the calling program. Two strate-

gies were available for this experiment which pro-

vided cruise and descent speed selection for the test
scenarios.

The first, referred to as the "minimum-fuel" strat-

egy, utilized a parameter called cost index for com-

puting cruise Mach number. The cost index was

the ratio of time cost (dollars per hour) divided

by fuel cost (dollars per pound) scaled by 1/100
to produce a 3-digit integer. The range of cost in-

dices for the TSRV Boeing 737-100 airplane was -40

to 200, which corresponds to -$400 to $2000 per

hour operating cost at fuel cost of $0.10 per pound

($0.67 per gallon). The negative operating costs are

required to allow the aircraft to fly at the minimum

airspeeds needed to absorb the maximum time de-

lays. Cruise Mach number was programmed as a non-
linear function of cost index and altitude. Descent

Mach number was set equal to cruise Mach number.
Descent calibrated airspeed was a function of cruise
Mach number and initial altitude for climb and fi-

nal altitude for descent. The empirical formulas for

cruise Mach number and descent calibrated airspeed

were obtained from curve fits of minimum-fuel speed

schedules of Mach/CAS combinations computed us-

ing the batch version of PGA4D. For specified arrival

times, the minimum-fuel strategy iterated on cost in-

dex to satisfy the arrival time constraint.

The second strategy, referred to as the Descent

Advisor strategy, was included to duplicate the

ATC ground-generated speed strategy utilized in the

NASA Ames Descent Advisor algorithm. This strat-

egy assigned a nominal speed profile based on aircraft

type (Mach 0.74 cruise and descent CAS of 280 knots

for the 737). When a specific arrival time was re-

quired for an aircraft, the algorithm iterated on cruise

Mach number leaving descent CAS fixed at the nom-

inal value. If additional time capability was needed,

the algorithm then adjusted descent CAS while leav-

ing cruise Mach at the extreme value.

Empirical perforvnance model The times

and distances required to fly the segments defined

by the horizontal route and speed selection were com-

puted using an empirical model of the TSRV airplane

performance. Altitude rate at both climb and idle
thrust was modeled as a function of altitude for both

constant Mach number and constant calibrated air-

speed. Corrections were included for variations in

aircraft gross weight, vertical wind shear, and tem-
perature deviations from standard day. Similarly,
acceleration and deceleration rates were modeled as

a function of calibrated airspeed and altitude. The

modeling techniques were similar to those described

in reference 9; however, the drag polar and engine

performance models of the TSRV simulator were used

to compute the empirical relations.

Descent range constraint. The PGA4D pro-

gram was designed to provide vertical trajectory

guidance to the pilot even when insufficient range

was available to make an idle descent and satisfy the

metering fix crossing restrictions. This was accom-

plished by moving the initial conditions of the cal-
culated trajectory back to a range which allowed a

proper idle descent. The pilot could then steepen his

descent using speed brakes and/or maneuver horizon-

tally while recomputing provisional profiles back to

his destination. When the computed top of descent

corresponded to his actual location he could resume

a normal idle descent and "accept" the provisional

path.

Program Output

Vertical trajectory. The primary output of

the PGA4D program was a vertical trajectory array
which provided the basis for the vertical guidance.

The trajectory consisted of time, altitude, calibrated
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Q) , .-o _" _O. Mach/CAS transition
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_o_-o_m metering fix if

Initial J 1U _ _. above 10000ft
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Segment Description

1
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4
5
6
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Figure A1.

Deceleration from 250 knots to metering fix crossing speed
Descent from 10000 feet to metering fix altitude at 250 knots
Deceleration from descent CAS to 250 knots (or metering fix speed)
Descent at constant CAS
Descent at constant Mach number
Deceleration from cruise to descent Mach number or CAS
Cruise at constant Ma_h number
Climb at constant Mach number
Climb at constant CAS
Acceleration from 250 knots to climb CAS
Climb at 250 knots
Acceleration from initial speed to 250 knots

Structure of fuel-optimized en route vertical trajectory.
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airspeed, and ground speed as a function of elapsed

range along the flight plan. Also included was a flag

indicating the flight phase (climb, cruise, or descent)
which triggered the display options on the vertical

situation display. The guidance computations de-
rived from the vertical trajectory are described in

appendix B.

Way-point crossing values. The way-point

reference buffer was also modified by PGA4D to in-

clude interpolated values of time, altitude, calibrated

airspeed, and ground speed at the way points defining

the horizontal path. These values were displayed on

the CDU route leg page(s). Also returned by PGA4D

were the computed top of descent (TOD) and bot-

tom of descent (BOD) way points. The latitude and

longitude of the TOD and BOD way points were

computed by the TSRV simulation program and dis-

played on the navigation display. These way points,

however, were not included on the CDU route legs

or progress pages because of software limitations in

the TSRV simulation. Only way points used for hor-
izontal path definition could be shown as part of

the flight plan route on the CDU. Including com-
puted TOD and BOD way points in the horizontal

path definition was found to change the horizontal
path when they were located within the turn radius

of an existing way point. The addition of so-called

soft way points to the CDU-displayed flight plan,

which would not affect the horizontal path definition,

was identified as a future requirement for the TSRV
simulation.

Time window. In addition to the vertical

trajectory and computed way-point crossing values,
PGA4D returned the maximum and minimum ar-

rival time capability of the airplane at the metering

fix way point. These values were displayed to the pi-

lot on the vertical situation display (VSD) both digi-

tally and graphically as a window of available arrival
times. Included with the time window information

were cruise Mach number and descent calibrated air-

speed required to fly the computed trajectory. This

information was also displayed on the VSD.

The time window, speed schedule, and trajec-

tory information were computed, returned, and dis-

played in less than 2 seconds in this implementa-
tion on the TSRV simulation. This relatively quick

computation was necessary to permit the automatic
10-second update of provisional horizontal and ver-

tical profiles utilized during the time delay vector
scenarios in this study. More complex trajectory-

generation techniques, such as the optimal trajectory

method described in reference 8, would not be suit-
able for the time-critical calculation of arrival time

capability. In the TSRV simulation, all provisional

calculations for the time window were obtained using

the empirical method regardless of the actual method

to be used for the final trajectory generation. Only

after the pilot had accepted the profile would a call

be made to PGA4D requesting the full profile.
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Appendix B

Time and Energy Error Calculations
Timeguidanceinformationwaspresentedto the

pilot on theverticalsituationdisplay(fig.8) in both
astrategicmannerforprovisionalflightplanningand
a tacticalmannerfor activeflight guidance.The
strategictimeguidanceconsistedofthecalculationof
maximumandminimumarrivaltimesat theselected
meteringfix waypoint. Oncean activeprofilewas
computed,tactical time guidanceconsistedof an
estimatedarrival time at the selectedmeteringfix
waypointanda4Denergyerrorindicationbasedon
the aircraft'sstaterelativeto the referencevertical
trajectory.Detailsfor the calculationsinvolvedfor
boththestrategicandthetacticaltimeguidanceare
providedin thisappendix.

Strategic Time Guidance
Thepilot's arrivaltimecapabilityat theselected

meteringfix waypointwasindicatedon thevertical
situationdisplay.Thistimecapability,referredto as
the arrival "time window,"wasobtainedby calling
theverticalprofilegenerationprogram(PGA4D)at
regularintervalsusingthe currentaircraftstateas
initial conditions.Thereturnedvaluesof maximum
andminimumarrivaltimeswerecomputedusingthe
minimumandmaximumoperationalspeeds,respec-
tively,whichthe aircraftcouldfly andstill satisfy
all constraintscontainedin theprovisionalway-point
referencebuffer.Thepilotwasthereforeassuredthat
anyarrivaltime specifiedwithin thedisplayedtime
windowcouldbeachievedwithoutviolatinganycon-
straintsimposedontheflightplan.

Thetimewindowwasupdatedat 30-secondinter-
valswhentheverticalsituationdisplay(VSD)wasin
theactiveguidancemode.Wheneverthepilot made
amodificationto theflightplanthat affectedthever-
tical trajectory,activetime guidancewasremoved
and the VSD enteredthe provisionalmode. Esti-
matedarrival timewaserased,and timeerrorwas
referencedto thetimewindowandrequiredtimeof
arrival(RTA).An ONTIME messagewasdisplayed
if theRTAwaswithin thetimewindow,that is,if an
activeprofilecouldbecomputedto satisfythe time
constraint.An RTA valuegreaterthan the maxi-
mumarrivaltime or lessthanthe minimumarrival
time wouldpromptan EARLYor LATE message,
respectively,with thedigitalnumberof secondsthat
the RTA wasoutsidethe timewindow. Thepilot
couldforcecalculationof atimewindowat anytime
bypressingaspecialCOMPUTEVERTICALkeyon
thecontroldisplayunit CDU.Thepilot returnedto
activeguidanceby pressingtheEXECUTEkeyon
theCDU.

Both horizontaland verticaltrajectories,with
correspondingtimewindowcalculations,wereauto-
maticallyupdatedwhenthe pilot selectedDIRECT
TO awaypointonhisflightplan. A newwaypoint,
referredto asPPOSfor presentposition,wasgen-
eratedby projectingtheaircraftlocation10seconds
in the futureat currentspeedandheading.A hor-
izontalpath wasthengeneratedlinking the PPOS
waypoint with theselectedDIRECTTO waypoint
and the remainderof the flight plan. The vertical
trajectoryprogramwasthencalledwith thePPOS
locationasinitial conditions.Thisprocesswasre-
peatedevery10seconds,providinga continuousup-
dateof theprovisionalcapability.The pilot would
presstheEXECUTEbuttonwhensatisfiedwith dis-
playedprovisionalprofileinformation.

Tactical Time Guidance

Oncean activereferenceprofilewascalculated
and the VSD was in the activeguidancemode,
timeguidancewasderivedfromthereferencevertical
trajectory.

Reference profile. The reference vertical tra-

jectory consisted of time, altitude, and ground speed

provided by the PGA4D program as a function of

range along the reference horizontal path. The dis-
tance between range points on the reference verti-

cal trajectory was referred to as a "segment" of the
profile.

Instantaneous time error. An instantaneous

time error was computed by dividing the distance
between the aircraft's actual range and reference

range at the current time by the current ground speed

of the aircraft. The reference range for a given time
was calculated by assuming a linear acceleration in

each vertical trajectory segment. This assumption
closely approximated the constant Mach number and

constant calibrated airspeed descent profiles used in
the vertical profile generation. This reference linear

acceleration was computed as

Vg,ref = c 1 At + c 2 (B1)

1

Yg,ref ---- _Cl At 2 + C2 At + c3 (B2)

1 1

Axref = _Cl At 3 + _c2 At 2 + c3 At + c4 (B3)

where

Vg,ref

At

AXref

reference ground speed

elapsed time into segment

elasped range into segment

24



and

6[(V1 + V2)tseg - 2dseg)

el ---- ts3eg

2[3dseg - tseg(2V1 + _'_)]

C2 _-- ts2eg

c3 = V1

c4 =0

(B4)

(B5)

(B6)

(87)

where

V1 ground speed at past trajectory

point

V2 ground speed at next trajectory

point

dseg segment distance

tseg segment time

Instantaneous time error is then computed as

Xref -- Xac

terr'i -- Yg,ac
(B8)

where

Xac

Vg,ac

Xl

and

current range of aircraft

current aircraft ground speed

range at past trajectory point

Xref = Xl + AXref (B9)

Energy error. The calculation of energy error

AE included the altitude, ground speed, and time
errors of the aircraft relative to the reference vertical

trajectory. The details of these calculations are as
follows:

AE = AE3D + AEt (B10)

where

1 2 2
AE3D =(hac - hrefx ) + _g(Y_,ac - Vg,refx) (Bll)

1 1AEt = _ (tmf -t_f) 2 (tmf- t) 2 (B12)

and

hac

hrefx

current aircraft altitude

reference altitude at current aircraft

range

g

Vg,refx

dmf

tmf

t

and

acceleration due to gavity

reference ground speed at current

range

distance to metering fix

time at metering fix

current time

tre f = t + terr, i (B13)

Estimated arrival time. The estimated time of

arrival, or ETA, displayed on the VSD was obtained
from a combination of the instantaneous time error

and an energy time error derived from the total

energy error. The goal was to provide the pilot with
an estimate of the arrival time that he would achieve

given his current energy corrections as indicated by

the energy error display. As the metering fix was

approached, the energy error contribution to the time
error was washed out and the instantaneous time

error contribution was increased.

The calculation of the energy component of time

error was essentially a reverse calculation of the AEt

energy error term. The reference time was replaced

by the required arrival time, and the actual time
replaced by the estimated arrival time:

1 (V2rta_ y2eta) (814)AE= _gg

AE=d2mf ( 1 1 ) (B15) tr ta

where

Yg,rta average ground speed required for
RTA

Vg,eta average ground speed required for
ETA

Atrta elapsed time to RTA

Atet a elapsed time to ETA

Solving for itet a results in

Ateta = r Atr2ta
1-2_

dmf

(B16)

Energy time error was then computed as

terr,e -_ Ateta -- Atrta (B17)
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Total timeerrorwascomputedasa combinationof
energytimeerrorandinstantaneoustimeerrorusing
thefollowingrelation:

600 - Atrta
fte= 600 (B18)

terr = fteterr,i + (1 - fte)terr,e (B19)

Estimated time of arrival was then computed as

teta -- tmf + terr (B20)
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Appendix C

Pilot Instructions and ATC Clearances

Scenario Description

General. In this scenario, you will be simu-

lating the final cruise and descent segments of a

flight into the Denver terminal area. Air traffic con-

trollers at NASA Ames will be simulating the per-

tinent high- and low-altitude en route sectors of the

Denver ARTCC, as well as the Denver TRACON.

Computer-generated pseudo aircraft will be used to

represent other air traffic in the scenario. Pseudo pi-

lots at computer terminals at Ames will provide voice

communications for the computer-generated traffic
and control the motion of the aircraft as directed

by the air traffic controllers. All airspace and proce-

dures simulated in this scenario, with the exception
of the new 4D procedures, will be patterned after

present-day Denver operations.

Initial conditions. At the start of the scenario,

you will be in cruise at flight level 310, Mach 0.74,

westbound on jet route 114. Your programmed flight

plan will take you to runway 26L at Denver Staple-
ton International Airport via the KEANN arrival.

Approximately 5 minutes into the flight, you will
be instructed to contact Denver Center and initiate

communications with the controllers at NASA Ames.

Your call sign is NASA 515.

Final conditions. The metering fix for the

KEANN arrival route in this scenario is designated

KEAMF in your navigation data base. It is the

first way point of the STAR KE26L. The preassigned

altitude and calibrated airspeed at this way point

are 11000 feet and 210 knots, respectively. This

way point is actually located in Denver TRACON

airspace and corresponds to the nominal point where
traffic is vectored off the Denver VOR radial onto

base leg for landing on runway 26. Unless instructed

otherwise by the TRACON controller, you are to

cross the KEAMF way point in a left turn following

your preprogrammed STAR path. After you have
crossed the way point, the scenario will be completed
and the simulator will RESET. On several of the

runs, a TRACON controller will instruct you to

continue the flight to touchdown on runway 26L.

For these conditions, we will be assisting Ames to
evaluate their TRACON simulation and will not be

flying time guidance.

Specific guidelines. While flying the TSRV

simulator in this experiment the following guidelines
should be observed:

1. You will be required to handle all communica-

tions with ATC in addition to flying the simulator.

2. Velocity-vector control-wheel steering (VCWS)

will be used for manual control of the aircraft through

the side-stick controller. At pilot discretion, horizon-

tal and vertical autopilot navigation modes may be

used during the flight. Autothrottle may not be used

at any point during the flight.

3. An engineer will fly in the right seat to assist

in the flight management system CDU operation and

flap and gear deployment. You will be briefed on the

CDU capabilities and may operate the unit if desired.
This is not an experiment to evaluate the CDU.

Comments on the operation of the unit, however, will
be solicited at the conclusion of the simulation.

4. Fly this mission as you would a revenue airline

flight. Do not make sudden or abrupt maneuvers

which would disturb the passengers and avoid throt-

tle and speed brake activity that would waste fuel.

ATC Clearances

The following clearances and procedures are de-

signed to take full advantage of the unique capabil-

ities of a 4D-equipped aircraft. The 4D aircraft in
this simulation will be capable of

1. Meeting a time clearance at the metering fix.

2. Path stretching to absorb a time delay.

3. Area navigation (RNAV).

There are six clearances which may be used to

control the arrival time of a 4D-equipped aircraft.

Each clearance is outlined in terms of its purpose,

context, and use. The example phraseology repre-
sents the minimum information which must be com-

municated to complete each clearance.

Time clearance

Purpose: The TIME clearance transfers the re-

sponsibility of meeting a metering fix time to the

pilot. It allows the pilot to use the on board flight

management computer (FMC) to optimize the de-

scent. The pilot selects the speeds necessary to meet

the clearance and performs the descent at his discre-

tion (all descents will be to the metering fix at a final

altitude and speed of 11 000 ft and 210 KIAS).

Context: In general, the TIME clearance is issued

by ATC prior to the top of descent. Implicit to the
command is a clearance to descend at the pilot's

discretion. It is to the aircraft's advantage to receive

the TIME clearance as early as possible to plan the

most efficient descent. When practical, the controller
should issue the TIME clearance soon after the traffic

manager sets the schedule.
Use: The TIME clearance may be issued or

amended at any time; however, the number of

amendments should be kept to a minimum. This
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clearanceisonlyto beusedwhenthe4Daircraftises-
tablishedonapathknownto boththepilot andcon-
troller (e.g.,jet airway,DIRECTTO WAYPOINT,
or ROUTEINTERCEPT).If the path is changed
(e.g.,newroutingor freevectoring),thetime com-
mandshouldbeconfirmed.If the meteringtimeis
not achievableby speedcontrolalone(i.e.,the 4D
aircraft'sscheduledarrivaltimeisoutsideof thecon-
troller'stimerangebarandpilot'stimebox),analti-
tudechangeand/orvectormaybeaddedto achieve
thedesireddelay.

Example:

"NASA 515,

CLEARED FOR THE (KEANN/DRAKO)
ARRIVAL,

CROSS METERING FIX AT (specified time,
min:sec)"

Cruise speed clearance

Purpose: The CRUISE SPEED clearance con-

strains the pilot to fly an ATC-specified cruise speed

until further advised by ATC or the top of descent is
reached. This clearance is used to resolve local traffic

conflicts that would occur if the 4D aircraft were to

continue cruise at its present speed.

Context: In general, this clearance will be given

after ATC has assigned a metering time. Although

the TIME clearance gives the pilot discretion to

select his cruise/descent speed profile to meet the
time, ATC may need to constrain the cruise speed

to avoid a conflict prior to the metering fix. In some
cases, prior to the issuance of a TIME clearance, ATC

may issue a speed change to avoid a conflict with a

departure or overflight.

Use: The CRUISE SPEED clearance may be

issued or amended at any time prior to the top of

descent. It is intended to be used in conjunction
with a TIME clearance to avoid local traffic conflicts.

The pilot is to comply with the speed clearance until

ATC amends the speed or until the pilot approaches

the top of descent necessary to meet the TIME

clearance based upon the amended cruise speed. As
the pilot of the 4D aircraft approaches his desired

top of descent for the assigned time (based upon the

CRUISE SPEED clearance), he should advise ATC

and may begin the descent at his discretion and at
his desired speed.

Example:

"NASA 515,

REDUCE (INCREASE) SPEED TO (knots or

Mach )
FOR SEQUENCING"

Altitude clearance

Purpose: The ALTITUDE clearance is used to

change the aircraft's cruise altitude to either avoid a

local conflict or to shift the aircraft's range of possible
arrival times along a route.

Context: It is to the aircraft's advantage to es-

tablish its final cruising altitude as early as possible
to plan the most efficient descent. An ALTITUDE

clearance may be beneficial to a 4D aircraft if it is

helpful in clearing the 4D aircraft's path of potential
conflicts thus allowing the 4D aircraft the maximum

flexibility in planning its descent.

Use: This clearance may be issued by ATC any
time prior to the top of descent. A new cruise

altitude may be assigned before or after a TIME

clearance is issued. This clearance requires the pilot
to maintain the cleared altitude until further advised

by ATC or until the pilot approaches the top of

descent necessary to meet an assigned time (based

on the amended cruise altitude). As the pilot of the

4D aircraft approaches his desired top of descent, he

should advise ATC and may begin the descent at his
discretion.

Example:

"NASA 515,

DESCEND (CLIMB) AND MAINTAIN

(flight level)"

Direct to way point clearance

Purpose: The DIRECT TO WAY POINT clear-

ance (also known as DIRECT TO or WAY POINT

CAPTURE) allows the controller to create a direct

path from the aircraft's present position and course

to a way point on a defined route (e.g., jet airway).
The new path then follows the defined route. This is

the most precise clearance for stretching or shorten-

ing an aircraft's path. It may also be used to resolve

a local conflict between a pair of aircraft.

Context: For the majority of cases, this clearance
is only used once an aircraft is off a route and

is being vectored back onto a route. However, it
is conceivable that a DIRECT TO WAY POINT

clearance may be used to take an aircraft off one
route and onto another.

Use: This clearance may be issued to aircraft

that are both on and off defined routes. It may also
be used in conjunction with a TIME clearance or a
TIME DELAY VECTOR clearance. The controller

may advise an initial heading to turn to so that

the aircraft may be directed toward the desired way
point. However, once the aircraft is cleared direct

to a way point, the pilot is free to follow his on-
board guidance. The pilot is required to turn in the

direction indicated by ATC.
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Example:

"NASA 515,

TURN (RIGHT/LEFT) HEADING (degrees),

PROCEED DIRECT TO (way point)"

Route intercept clearance

Purpose: The ROUTE INTERCEPT clearance
allows the controller to direct an off-route aircraft

onto a defined route (jet airway). This clearance

anticipates a direct path from the aircraft's current

position to the desired route while using the aircraft's
current course to intercept the route. This clearance

differs from the DIRECT TO clearance in two ways:

it does not define the intercept point on the new

route; and it does not involve an initial turn to

intercept.

Context: This clearance is designed specifically

for a non-RNAV-equipped aircraft. However, it is

conceivable that a controller may wish to exercise

this type of vectoring with the more sophisticated
aircraft.

Use: This clearance may only be used when the

aircraft's current course intercepts a route which
is defined for ROUTE INTERCEPT. The ROUTE

INTERCEPT clearance, like the DIRECT TO WAY

POINT clearance may be used in conjunction with

the TIME clearance.

Example:

"NASA 515,

PROCEED DIRECT TO (route)"

Time delay vector clearance

Purpose: The TIME DELAY VECTOR clearance

transfers the responsibility of meeting an arrival time

at the metering fix to the pilot when there is signifi-

cant delay (i.e., a delay that cannot be absorbed by

speed control alone). This clearance involves a path-

stretching procedure, short of holding, which allows
an aircraft to absorb large delays. This procedure is

designed to take full advantage of the capability of
4D aircraft to assist the controller in distributing a

delay.

Context: This clearance is useful once the air-
craft's scheduled arrival time falls outside the aircraft

range of possible arrival times (indicated by the con-
troller's time range bar or the pilot's time box).

Use: The TIME DELAY VECTOR clearance

combines a TIME clearance with vectoring instruc-
tions. If the scheduled arrival time is within a minute

or so of the aircraft's range of possible times, the

controller may issue vectoring instructions to the 4D

aircraft allowing it to S turn along a route. The pilot

may path-stretch within the "vectoring bounds" set

by ATC until the pilot is satisfied that the scheduled
time is achievable with speed control alone. Once

the path stretching is completed, the pilot is required

to notify ATC and continue along the route. If the
scheduled arrival time requires significantly more de-

lay, the controller may vector the 4D aircraft off of
the route and clear the aircraft to return to the route

at the pilot's discretion (once the pilot is satisfied
that the scheduled time is achievable with speed con-

trol alone). ATC must define the return path with
a DIRECT TO WAY POINT clearance. Once the

path stretching is completed, the pilot is required

to notify ATC and return to the route as per ATC
instructions.

Examples: For fine path stretching along a route,

"NASA 515,

CLEARED FOR THE (KEANN/DRAKO)

ARRIVAL,
CROSS METERING FIX AT (specified time,

min:sec),
DELAY TURNS APPROVED WITHIN

(miles) OF THE (route),
ADVISE WHEN BACK ON ROUTE"

"DENVER CENTER, NASA 515,
DELAY TURNS COMPLETE"

For gross path stretching using DIRECT TO WAY

POINT,
"NASA 515,

CLEARED FOR THE (KEANN/DRAKO)

ARRIVAL,
CROSS METERING FIX AT (specified time,

min:sec),

TURN (RIGHT/LEFT) HEADING (degrees)
TO ABSORB DELAY,

THEN CLEARED DIRECT TO (way point)

AT YOUR DISCRETION,

ADVISE WHEN INBOUND TO (way point)"

"DENVER CENTER, NASA 515,

HEADING DIRECT TO (way point)"
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Appendix D

Pilot Questionnaires

Post-Run Questionnaire

1. Pleaseratethefollowing4D-relateddisplayelementsasto their usefulnessin flyingthe4D trajectory.

Least Most
Displayelement useful useful

I. Verticalsituationdisplay

a) Speedschedule 1 2 3 4 5
b) Verticaltrajectory 1 2 3 4 5
c) Altitudeerror 1 2 3 4 5
d) 4Denergyerrorbug 1 2 3 4 5
e) 4D energy error rate 1 2 3 4 5

f) Time window 1 2 3 4 5

g) Required time (RTA) 1 2 3 4 5

h) Estimated time (ETA) 1 2 3 4 5
i) Estimated time error 1 2 3 4 5

II. Primary flight display

j) Airspeed 1 2 3 4 5

k) Altitude 1 2 3 4 5

l) Flight-path angle 1 2 3 4 5

m) Flight-path angle error 1 2 3 4 5

n) 4D energy error 1 2 3 4 5

o) 4D energy error rate 1 2 3 4 5

III. Navigation display

p) Time box 1 2 3 4 5

q) Range/altitude arc 1 2 3 4 5

Comments:

2. Please rate the 4D clearances and procedures used during the previous flight.

Low High
a) Overall acceptability 1 2 3 4 5

b) Clarity 1 2 3 4 5
c) Work load relative to non-4D 1 2 3 4 5

Comments:
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Final Questionnaire

Please indicate your response to the following statements:

1. The 4D ATC clearances used in this experiment would be acceptable for airline operations.

Strongly 1 2 3 4 5 6 Strongly

agree disagree

2. I was comfortable with the 4D ATC clearances at the conclusion of this experiment.

Strongly 1 2 3 4 5 6 Strongly

agree disagree

3. The 4D guidance used in this experiment would be acceptable for airline operation.

Strongly 1 2 3 4 5 6 Strongly

agree disagree

4. I was comfortable with the 4D guidance at the conclusion of this experiment.

Strongly 1 2 3 4 5 6 Strongly

agree disagree
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